Octupole vibrational states were studied in the nucleus 150 Nd via inelastic proton scattering with 10.9 MeV protons which are an excellent probe to excite natural parity states. For the first time in 150 Nd, both the scattered protons and the γ rays were detected in coincidence giving the possibility to measure branching ratios in detail. Using the coincidence technique, the B(E1) ratios of the decaying transitions for 10 octupole vibrational states and other negative-parity states to the yrast band were determined and compared to the Alaga rule. The positive and negativeparity states revealed by this experiment are compared with Interacting Boson Approximation (IBA) calculations performed in the spdf boson space. The calculations are found to be in good agreement with the experimental data, both for positive and negative-parity states.
I. INTRODUCTION
Octupole vibrations play a fundamental role in the description of low-lying negativeparity states. In a microscopic model, those states are described as a coherent superposition of 1-particle-1-hole excitations between an intruder state and a state of the same major shell with spin difference ∆l = ∆j = 3 [1] . Collective excitations in vibrational rare earth nuclei, with both proton and neutron numbers in the proximity of a shell closure, are macroscopically described as (multi)phonon excitations [2] . Further away from shell closures, when prolate quadrupole deformation in the ground state is established, rotational bands are superimposed on the vibrations [3, 4] .
The nucleus
150 Nd ranks among the transitional nuclei between spherical harmonic vibrators and axially symmetric rotors [5] . Unlike a vibrator, this nucleus has a spheroidal shape and the quantum number K is rather well defined. Consequently, similar to perfect rotors, a band structure with β-, γ-, and an octupole-vibrational band exists in this nucleus [6] .
However, the energy ratio, E 4 of the yrast band members as a function of the angular momentum J lie between the predictions for an axially symmetric rotor and a vibrator.
While the level structure and decay properties of positive-parity states of even spin in the low-energy region are well established in this nucleus, the knowledge concerning low-energy negative-parity states is rather sparse. Up to now, only the decay of the first two members of the K π = 0 − octupole band were observed and the energies of the J π = 1 − to J π = 7 − state were determined by means of inelastic particle scattering (p, p ′ ) [7] . Recently, those states were theoretically described by Bizzeti et al. using a model valid for nuclear shapes close to axial symmetry [8] .
The goal of this experiment was to determine the ratios of the B(E1) transitions strengths of the remaining two known members in this band and to determine the K quantum number of higher-lying negative-parity states. An approximate agreement with the Alaga rule [9] would further confirm the existence of a spheroidal shape.
The structure of 150 Nd was interpreted in terms of the first-order phase transition from spherical harmonic vibrator to axially deformed nuclei [5] . The observed agreement revealed that this nucleus is the best case so far of an empirical realization of the X(5) critical point symmetry [10] . However, the X(5) predictions are made only for the yrast and for the β-vibrational bands (or s = 1 and s = 2 bands in the X(5) description). The model gives no predictions for the γ-vibrational band and, more important for the present discussion, for the octupole-vibrational states. Several attempts have been made in order to describe the negative-parity states for this type of nuclei, for example, the authors of Ref.
[11] considered a collective Hamiltonian for the rotation-vibration motion in which the axial quadrupole and octupole degrees of freedom are coupled through the centrifugal interaction, or in Ref. [8] the collective motion was investigated based on a new parameterization of the octupole and quadrupole degrees of freedom. Another nucleus proposed to be an empirical realization of the X(5) critical point symmetry ( 152 Sm) has already been investigated using the IBA-spdf model approach and a good agreement with the experimental data was concluded [12] . In the present paper, we compare the new experimental results for 150 Nd with calculations performed in the framework of the IBA-spdf model. The reproduction of the E1 transition rates is found to be in good agreement with the predictions given by the IBA calculations, especially for the
The experimental setup and the data analysis are introduced in section II and section III, respectively. Thereafter, in section IV, the results are discussed and compared to the theoretical calculations.
II. EXPERIMENTAL SETUP A 1.5 mg /cm 2 thick and 98% enriched self-supporting 150 Nd target was bombarded with a 10.9 MeV proton beam provided by the ESTU Tandem Accelerator at the Wright Nuclear Structure Laboratory at Yale University. The experiment lasted for 120 hours at an average beam current of 4 nA and an average coincidence rate of about 2 kHz pγ.
For the detection of the scattered protons, five silicon surface-barrier detectors were used covering a solid angle of 5%. Three of them had a thickness of 1 mm, two had a thickness of 5 mm. The elastically scattered protons are completely stopped in both types of detectors.
The setup was optimized for high efficiency by placing all detectors as close as possible to the target and it was kept flexible by allowing a positioning of the detectors in all three spacial directions. In order to achieve a high ratio of inelastically to elastically scattered The γ rays were detected by the YRAST ball spectrometer [13] TDCs and a logic unit based on VME electronics. Data was acquired using three triggers:
pγ coincidences, downscaled single HPGe and downscaled silicon events.
III. ANALYSIS
The single leaves of each clover were calibrated in energy and their relative efficiencies were determined using a 152 Eu source placed at target position. The silicon detectors were calibrated using peaks in the proton single spectra corresponding to elastic scattering and to excitations of the first excited states of 12 C, 16 O and 150 Nd measured in the in-beam spectra.
In a next step, the energy shift factors were determined and the prompt and random windows were applied to the time difference spectra in order to reduce the background. In order to further reduce the Compton background in the lower energy part and to increase the photopeak efficiency, the energies in the four leaves of a clover detector were added eventwise using an addback algorithm [14] .
Using the sorting code CSCAN [15] , the proton-γ-coincidence matrix (pγ matrix), all single spectra, and the γ-γ-coincidence matrix (γγ matrix) were generated. An excerpt of the pγ matrix is shown in Fig. 1 . All transitions appear as narrow lines due to the worse energy resolution of the silicon detectors in comparison to the good energy resolution of HPGe detectors. Both the 2 + → 0 + and the 4 + → 2 + transition cover the entire range of the excitation energies E X giving rise to the fact that most of the states decay via those states to the groundstate.
The necessity to detect both the scattered proton and the γ transition is illustrated in Fig. 2 .
Without coincidence condition, the γ-ray spectrum (a) shows the e 
IV. RESULTS AND DISCUSSION
Using the pγ-coincidence matrix, the level scheme of 150 Nd was corrected and extended.
In total, 37 levels up to 2 MeV were excited and 64 transitions were observed. In particular, the transitions of 8 states being previously excited in inelastic particle scattering experiments were found [7] and 12 new states were observed for the first time. Table I summarizes the results on 150 Nd obtained from the present experiment. 
, the final energy E f , the energy of the γ-ray E γ and the branching ratios I γ are listed. Calculations were performed in the spdf IBA-1 framework (no distinction was made between protons and neutrons) using the Extended Consistent Q-formalism (ECQF) [22] . The
Hamiltonian employed in the present paper is the natural extension of theĤ sd Hamiltonian and is able to describe simultaneously the positive and negative parity states:
where ǫ d , ǫ p , and ǫ f are the boson energies andn p ,n d andn f are the boson number operators.
In the spdf model, the quadrupole operator is considered as being [23] :
The quadrupole electromagnetic transition operator is:
where e 2 represents the boson effective charge. strength κ to describe sd bosons and pf bosons. In addition, the rotational SU spdf (3) structure is also generated by this form [Eq. (2)] of theQ spdf quadrupole operator [23] . In this way no additional free parameters are used in the calculations. The structure of both the positive and negative-parity states is also described by the same parameter-free quadrupole operatorQ spdf . The only degree of freedom in describing the negative parity states lies in the p and f vibrational energies ǫ p and ǫ f . However, these are defined largely by the experimental locations of the lowest 1 − and 3 − states.
For the E1 transitions there is more than one operator in the spdf algebra. Consequently, a linear combination of the three allowed one-body interactions was taken:
where e 1 is the effective charge for the E1 transitions and χ (1) sp and χ (1) df are two model parameters.
The calculations were performed using the computer code OCTUPOLE [24] . The Hamiltonian is diagonalized in a Hilbert space with a total number of bosons N B = n s +n d +n p +n f .
For the present calculations we used an extended basis allowing up to three negative parity bosons (n p + n f =3). The vibrational strengths used in the calculations are ǫ d =0.53 MeV, ǫ p =1.32 MeV, and ǫ f =1.12 MeV while the quadrupole-quadrupole interaction strength has a value of κ=-18.5 keV. The other two terms introduced in the Hamiltonian (the octupole and the hexadecapole terms) are included only to obtain a better reproduction for the relative inter-and intraband transitional rates. The strengths of these two terms are set to values of a 3 =0.04 MeV and a 4 =0.10 MeV, respectively.
The quality of the present calculation in describing the experimental data can be seen in Fig.3 . The numbers on the transition arrows represent the absolute B(E2) values given in Weisskopf Units (W.u.) and are indicated for the positive parity states, and relative intensities of the γ-ray transitions (branching ratios) given for the negative parity states (only the lifetime of the 1 − state is measured [25] , hence only one absolute B(E1) value is known). The overall agreement between the experimental and calculated energies is good.
The spacing of the states is reasonably well reproduced by the calculations for all the bands involved in our analysis (the ground state band, the β-and γ-vibrational bands and the K π = 0 − octupole vibrational band). The first excited 0 + state is located less than 50 keV below the experimental one with an energy of 675.4 keV [26] . The location of this state is considered a key prediction in the X(5) model because the ratio E(0
) is fixed at a value of 5.67 [27] (cannot be fitted to obtain a better agreement) and gives an important fingerprint for the presence of the first-order critical point symmetry. The relative values of the E1 and E2 transition probabilities are in very good agreement with the experiment as can be seen in Fig.3 for the negative parity states (only E1 transitions). However, the absolute B(E2) values are in general underestimated by a factor that usually does not exceed a value of two. Especially for the higher spin states, the finite boson number effect plays an important role in lowering the predictions for E2 transition strengths. This behavior was already observed in Ref. [28] , where a detailed comparison between X(5) critical point symmetry and the IBA model predictions for this region was made.
For the E2 transitions we obtained the agreement from the states belonging to higher K π some additional assumptions about the spin-parity of the states had to be made. Namely, we assumed that the levels at 1517.7 keV and 1645.3 keV have a J π =5 − spin assignment. Also, a state located at 1200 keV was identified as the J π =3
+ member of the γ-vibrational band in an (n,n'γ) experiment [29] while it was assigned as a J π =3 ± doublet within the scope of a (d,d'γ) experiment [30] . Considering this ambiguity, 
to the yrast band of octupole-vibrational states and negative parity states compared with IBA-spdf calculations and with the Alaga-rule predictions. Furthermore, the experimental energy E exp , the initial spin J π i , the final K quantum number Alaga rule this level was considered as having a positive parity in the present discussion, although only the energy of this level is given in the comparison presented in Fig.3 . For the other states in Table II 
V. SUMMARY AND CONCLUSIONS
Within the scope of this work, the nucleus 150 Nd was investigated by means of a (p, p ′ γ) experiment for the first time and 17 negative-parity states were observed. In particular, the branchings of the first four members for the K π = 0 − octupole band were observed. Most 115 (2) 182 (2) 210 (2) 278 (25) 204 (12) 173 (29) 39 (2 ) 114 (23) 170 (51) 1. 2( 2) 9( 2) 17 ( 
